Journal of Fish Biology (2001) 59, 197-242 ®
doi:10.1006/jfbi.2001.1668, available online at http://www.idealibrary.com on ||l[§|.

&

REVIEW PAPER

Accuracy, precision and quality control in age
determination, including a review of the use and abuse of
age validation methods

S. E. CAMPANA

Marine Fish Division, Bedford Institute of Oceanography, P.O. Box 1006, Dartmouth,
Nova Scotia, Canada B2Y 4A42

(Received 6 March 2001, Accepted 21 May 2001)

Many calcified structures produce periodic growth increments useful for age determination at
the annual or daily scale. However, age determination is invariably accompanied by various
sources of error, some of which can have a serious effect on age-structured calculations. This
review highlights the best available methods for insuring ageing accuracy and quantifying
ageing precision, whether in support of large-scale production ageing or a small-scale research
project. Included in this review is a critical overview of methods used to initiate and pursue an
accurate and controlled ageing program, including (but not limited to) validation of an ageing
method. The distinction between validation of absolute age and increment periodicity is
emphasized, as is the importance of determining the age of first increment formation. Based on
an analysis of 372 papers reporting age validation since 1983, considerable progress has been
made in age validation efforts in recent years. Nevertheless, several of the age validation
methods which have been used routinely are of dubious value, particularly marginal increment
analysis. The two major measures of precision, average percent error and coefficient of
variation, are shown to be functionally equivalent, and a conversion factor relating the two is
presented. Through use of quality control monitoring, ageing errors are readily detected and
quantified; reference collections are the key to both quality control and reduction of costs.
Although some level of random ageing error is unavoidable, such error can often be corrected
after the fact using statistical (° digital sharpening ’) methods.
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INTRODUCTION

Age information forms the basis for calculations of growth rate, mortality rate
and productivity, ranking it among the most influential of biological variables.
Calculations as simple as that of growth rate, or as complex as that of virtual
population analysis, all require age data, since any rate calculation requires an
age or elapsed time term. Radiochemical decay rates (Bennett et al, 1982),
lipofuscin accumulation rates (Hammer & Braum, 1988) and amino acid
racemization rates (Goodfriend, 1992) are sometimes used to infer the age of a
structure or organism, but in most cases, periodic growth increments are counted
to estimate the age. Tree rings are the archetypal ageing structure, and have
been used not only to determine age and date of formation, but through
cross correlation with other trees, have been used to develop biochronologies
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extending over thousands of years (Kuniholm et al., 1996). Annual varves in ice
cores, sediments and stalagmites have been used to similar advantage (Baker
et al., 1993; Petterson et al, 1999; Rittenour et al, 2000). In the animal
kingdom, annual or daily growth increments are used to estimate age and
reconstruct growth rate in organisms and structures as diverse as bivalve shells
(Lutz & Rhoads, 1980), coral skeletons (Dodge & Thomson, 1974), polychaete
jaws (Olive, 1980), squid statoliths (Arkhipkin, 1997), cricket exoskeletons (Zuk,
1987), jellyfish statoliths (Ueno et al, 1995), mammalian teeth (Goren et al,
1987), brittlestar skeletons (Gage, 1990) and tortoise scutes (Germano, 1998).
Where the growth increments have formed in calcified structures, environmental
reconstruction based on incorporated trace elements and isotopes is also possible
(Chivas et al., 1985; Holmden et al., 1997).

Several calcified structures produce periodic growth increments useful for age
determination in fish. Scales (Robillard & Marsden, 1996), vertebrae (Brown &
Gruber, 1988), fin rays (Cass & Beamish, 1983), cleithra (Casselman, 1990) and
opercula (Baker & Timmons, 1991) have all been used to determine annual age,
although it is the otolith which is applied over the broadest age range in many
species (Secor et al., 1995a). Campana & Thorrold (2001) estimated that well
over 1 million fish were aged worldwide in 1999, most of those using scales and
otoliths. Such efforts dwarf those routinely applied to non-fish species, and
highlight the importance attributed to age-structured information in fisheries
science.

Age determinations in fish can occur at one of two scales. Annual ageing is
often used in support of harvest calculations and population studies, and can be
based on any bony structure in the fish, although scales and otoliths are the
structures most frequently used (Casselman, 1987). In contrast, daily ageing
based on the otolith microstructure tends to be targeted more at recruitment
questions and studies of young fish (Pannella, 1971; Campana & Neilson, 1985).
Despite the difference in time scale, application and mode of formation, both
annual and daily age data are governed by similar rules of analysis, and are
susceptible to similar sources of error.

If growth increments in fish formed with the same consistency and clarity as
those in temperate trees, and if the basis for fish growth was as clearly
understood, population dynamics studies of fishes would be far more accurate
than is now the case. Unfortunately, the process of estimating fish age
incorporates two major sources of error: (a) a process error associated with the
structure being examined; not all bony structures in fish form a complete growth
sequence throughout the lifetime of the animal, nor do all axes within a given
structure show a complete growth record (Beamish, 1979). This type of error is
usually biased towards under- or over-ageing; and (b) error due to the element of
subjectivity required of all age estimations. This subjectivity originates with the
preparation and interpretation of the periodic features in the calcified structures,
which can vary markedly among age readers and laboratories (Boehlert, 1985;
Campana & Moksness, 1991). Interpretation error can be either biased or
random. In combination, process and interpretation error can result in age
estimates that differ by as much as a factor of three among investigators (Parrish,
1958; Campana et al, 1990; Nedreaas, 1990; Donald et al., 1992). Given the
presence of such errors, the use of the term ‘ age determination ’ rather than © age
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estimation > would appear to be a bit of a misnomer. Nevertheless, the former
term is in broad use around the world, and we will continue to use it here for the
sake of familiarity.

The prevalence and impact of inaccurate age determinations on the accuracy
of population dynamics studies cannot be overstated (Lai & Gunderson, 1987,
Rivard & Foy, 1987; Tyler et al., 1989; Bradford, 1991; Richards et al., 1992;
Morison et al., 1998a). There are many instances in which ageing error has
contributed to the serious overexploitation of a population or species. The
problem is often one of age underestimation (rather than overestimation),
resulting in overly optimistic estimates of growth and mortality rate. Examples
include the orange roughy (Hoplostethus atlanticus Collett) off New Zealand that
was fished intensively on the basis of a presumed longevity of 20-30 years (van
den Broek, 1983). It is now suspected of living to over 100 years with an
extremely slow growth rate (Smith et al, 1995), but has already been fished
almost to the point of population collapse. Similar problems plagued the
Sebastes spp fisheries off eastern and western Canada, which are only now
known to reach ages of over 75 years (Chilton & Beamish, 1982; Campana et al.,
1990), and thus less capable of supporting an intensive fishery. Ageing errors
may also have contributed to errors in the population assessment of walleye
pollock (Theragra chalcogramma Pallas) in the central Bering Sea, whose catches
subsequently declined from 1400 000 tons to 10 000 tons in less than a decade
(Beamish & McFarlane, 1995). While the above-cited disasters are among the
most visible examples of ageing inaccuracies, there are literally dozens of others
cited in the literature which have resulted in serious scientific error (Summerfelt
& Hall, 1987; Secor et al., 1995a).

A number of authors have outlined methods through which ageing accuracy
and/or objectivity can be improved, both at the daily (Brothers, 1979; Campana
& Neilson, 1985; Geffen, 1987; Baillon, 1992) and yearly level (Blacker, 1974;
Boehlert, 1985; Casselman, 1987; Cailliet, 1990). The past decade in particular
has seen significant improvements in age determination protocols. At least some
of these improvements can be attributed to Beamish & McFarlane’s (1983) plea
for age validation, in which they noted that only 66% of 500 publications
reporting fish age estimates even attempted to corroborate the accuracy of their
ages. A mere 3-4% were successful in doing so over the entire age range of the
fish. The majority of published studies apparently assumed ageing accuracy,
despite the fact that there was little basis for such an assumption.

Ageing error can be of two forms: error that affects accuracy, or the
closeness of the age estimate to the true value, and error that affects precision,
or the reproducibility of repeated measurements on a given structure (Kalish
et al., 1995). The two forms of error are not necessarily linked. For example,
consistent underageing of a sample by one year can yield the same measure
of precision as a sample that is, on average, aged accurately. In practice,
the accuracy of a particular ageing methodology may be known (‘age
validation ’), but the accuracy of a particular set of age estimates is seldom
known. For these ‘real world’ samples, often consisting of large numbers
of age determinations carried out at regular intervals [the ‘ production ageing’
of Morison et al. (1998b)], relative accuracy may be just as important as
absolute accuracy. For this reason, quality control monitoring is an important
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component of any large-scale ageing program (Campana et al., 1995; Morison
et al., 1998b).

The objective of this review is to highlight the best available methods for
quantifying ageing accuracy and precision, whether in support of large-scale
production ageing or a small-scale research program. Included in this review is
a critical overview of methods used to initiate an accurate and controlled ageing
program, including (but not limited to) validation of an ageing method. The
overview will not consider the strategy or protocol for collecting age data; this
topic has been well covered elsewhere (Chilton & Beamish, 1982; Morison et al.,
1998b). Rather, the focus will be on a series of protocols for quality control,
primarily involving reference collections, so that any errors in ageing are quickly
detected and corrected. The paper will then conclude with some statistical
approaches for removing ageing error, and thus improving the quality of existing
data.

ACCURACY AND AGE VALIDATION

The term © age validation ’ has been used misleadingly in many past papers.
Although the absolute age of the fish is the goal of validation studies, seldom is
the age of the fish itself ever confirmed. Rather, it is the frequency of formation
of a typical growth increment which is validated. The distinction between
validating the periodicity of growth increment formation and absolute age is
important. Beamish & McFarlane (1983) equated the validation of annulus
periodicity with age validation, but then went on to state that all age groups must
be validated before ageing accuracy can be accepted. If implemented rigorously,
validation of annulus formation in each and every age group would be equivalent
to validation of absolute age. However, such rigour has seldom (ever?) been
displayed. In a recent glossary of otolith terminology, Kalish ez al. (1995) were
careful to note that age validation refers to validation of the method rather than
the age, and that determining increment periodicity is only one part of the
method. Nevertheless, the vast majority of published works equate confirmation
of increment periodicity with age validation. Indeed, of 372 papers reporting age
validation since the year of Beamish & McFarlane’s (1983) paper, only 15%
actually validated the absolute age of wild fish. More than 50% validated growth
increment periodicity for only a single group of ages, leaving increment period-
icity unexamined for the most problematic groups: the oldest and/or youngest
age groups. Yet it is the youngest and oldest fish which are often the most
difficult to age accurately, and are most influential in estimates of growth,
mortality or longevity.

Validation of an absolute age is equivalent to determining the accuracy of an
age estimate. Determining the frequency of formation of a growth increment for
a sample of fish is a necessary, but insufficient, step towards the verification
of that age estimate. To illustrate this insufficiency, consider the following
examples. Steffensen (1980) used otolith microstructure examination to infer the
age of juvenile cod (Gadus morhua L.). Daily growth increment formation had
already been validated in cod, so the frequency of increment formation was not
in question. However, Steffensen did not confirm the age of formation of the
first visible increment, and because of methodological problems, failed to
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observe the first 90 increments. The result was a mean age which was about 50%
of the actual age, despite the fact that he used a © validated * method. In a second
example, Pratt & Casey (1983) used various methods to infer growth increment
periodicity on the vertebrae of mako sharks (Isurus oxyrinchus Rafinesque).
Data were limited, but were consistent with the view that two increments formed
each year in the vertebrae of the youngest sharks. Their subsequent examin-
ations of the remaining mako vertebrae were thus based on the presumption of
biannual increment formation, resulting in rapid apparent growth and low
longevity for the oldest sharks, despite the fact that the validation was limited to
the youngest age groups. We now know that the interpretation of vertebrae
in young sharks is often problematic, and unlikely to be representative of
subsequent growth (Natanson et al, 2001). Yet the approach they used was
considered (at the time) to have been validated.

Absolute age should be the preferred goal of any age validation study. Where
this is not possible (and it often is not), two steps are recommended:

(1) Determine the age of first increment formation. In many cases, this will
require knowledge of the early life history of the fish, and will seldom be
possible with the same experiment used to determine the frequency of
increment periodicity. Even absolute age estimates are unlikely to provide
sufficient precision to unequivocally identify the first annual (daily)
increment.

(2) Verify increment periodicity across the entire age range of interest.
Growth increments of immature fish seldom resemble those of mature fish,
as is evident in redfish (Sebastes marinus L.) otoliths (Fig. 1). Therefore a
validation experiment confirming annulus formation in mature fish is
unlikely to be applicable to immature fish, and vice versa. However, it is
unrealistic, and probably unnecessary, to validate increment periodicity in
every age group. At a minimum, validation of increment periodicity in
both the youngest and oldest age groups is recommended. Of course,
methods which estimate absolute age also verify increment periodicity
across the entire age range.

Ageing accuracy does not necessarily result from the use of a fully validated
ageing method. A validated ageing method confirms the frequency of formation
of growth increments in a given structure, and confirms that they have been
interpreted correctly by the age readers in the study. However, there is no
guarantee that the same interpretation would be reached by other age readers,
even when viewing the same structures. In other words, an age validation study
deals with process error, but not with interpretation error. This interpretation
error can be substantial. For example, six experienced ageing laboratories
independently examined a set of prepared haddock (Melanogrammus aeglefinus
L.) otoliths to determine age. Annulus formation and absolute age determi-
nation in this species has been validated (Campana, 1997), indicating that
accurate age determinations are possible for even the oldest fish. Yet one of the
laboratories consistently underestimated the ages of most of the mature fish by
about 50% compared to the other laboratories (Campana, 1995). The ageing
method was validated, all age readers were looking at identical preparations, yet
the interpretations of one of the laboratories was vastly different. In another
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Fi1G. 1. Transverse section of a redfish (Sebastes mentella) otolith, revealing the annuli. Annuli formed
before sexual maturation (@) look very different than those formed after sexual maturation (O;
insert). As a result, an age validation experiment targeting immature fish is unlikely to help in the
interpretation of annuli of mature fish, and vice versa.

example, Gauldie er al. (1993) published a paper reporting that annuli were not
formed in the otoliths of two known-age fish reared in a public aquarium for
more than 16 years. Yet when the otolith photographs included in the paper
were shown to a variety of experienced age readers, most were able to determine
the exact age of the fish based only on the photographs. Once again, this
illustrates that interpretive error can remain as a significant source of error in an
age validation study, other than by those who carried out the study. In other
words, citation of another published study in support of one’s own ages does not
necessarily imply that your ages are accurate.

How then does one go about validating not just the ageing structure, but the
correct interpretation thereof? Chemists have long used certified reference
materials (CRMs) to confirm that independent laboratories were providing
comparable assays, despite any differences in methodology or instrumentation
(Beauchemin et al., 1987). Until recently, it was difficult for fisheries scientists to
ensure similar comparability, other than through exchange of photographs or the
actual structures used in the age validation study. However, with the popularity
of image analysis systems for acquiring images, and the advent of the World
Wide Web, image exchange has become both routine and fast. There is now little
reason why images of the structures used in a validation study could not be
posted on a Web site at the time of publication for others to examine. Thus all
interested parties could examine validated material to insure that their own
interpretations were accurate. Through such a mechanism, an age validation
study would serve not only to validate growth increment periodicity, but to
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validate the interpretation of any and all age readers. The Web-posted images
would then become the equivalent of an image CRM, and would do much to
improve ageing accuracy around the world.

AGE VALIDATION METHODS

A variety of methods exist through which age interpretations can be validated
(Table I). Although the distinction has often been blurred in the literature,
methods can be classified as either validating absolute age, validating the
periodicity of growth increment formation, or of corroborating (but not validat-
ing) an existing set of age estimates. Several reviews of age validation techniques
suitable for annual (Blacker, 1974; Bagenal & Tesch, 1978; Casselman, 1983,
1987; Cailliet et al., 1986; Beamish & McFarlane, 1987; Baillon, 1992; Campana,
1999) and daily ages (Brothers, 1979; Campana & Neilson, 1985; Jones, 1986;
Geffen, 1987, 1992) have been published. Below is presented a critical appraisal
of the various approaches, ordered (subjectively) by scientific value, with
suggestions for enhancing scientific rigour.

RELEASE OF KNOWN AGE AND MARKED FISH

Release of known age and marked fish into the wild is probably the most
rigorous of the age validation methods for many species, since the absolute age
of the recaptured fish is known without error. Since the released fish are
generally less than 1 year old, recaptured fish will have spent the majority of their
lives in natural surroundings. Fish can be marked either externally, as in the case
of salmon with coded wire tags (Quinn et al., 1991), or immersion mass-marked
using temperature fluctuations (Volk et al., 1999) or chemicals (Campana, 1999)
so as to leave a permanent mark on the bony structures used for ageing. This
approach is not well suited to long-lived species, since recapture rates of old fish
tend to be minimal. Nor can this method be used on species which cannot be
reared in captivity prior to release. Nevertheless, this method has been used with
success to confirm absolute age and growth increment formation at both the
daily (Tsukamoto & Kajihara, 1987; Secor et al., 1995b) and the yearly scale
(Fitzgerald et al., 1997; Svedang et al., 1998).

There are two variations on this method which make it more widely available
at the expense of relatively minor assumptions. The first variation involves scale
removal at the time of tagging and release of wild fish. Where tagging has been
restricted to relatively young fish, and where scale annuli have been found to be
reliable indicators of age at that young age, the removed scale can be used to
estimate the age at tagging, and subsequently be added to the time at liberty to
estimate the absolute age of the fish. Where the age at tagging is short compared
to the time at liberty, the advantage of this approach is that the wild tagged fish
effectively become known age at release and thus need not be reared in captivity
(e.g. Matlock et al., 1993). A second variation on this theme involves the tagging
of young fish where age can reasonably be approximated by size. This approach
was used by Lee & Prince (1995) in their study of bluefin tuna (Thunnus thynnus
L.), whereby tuna estimated to be 1-3 years old at the time of tagging were
subsequently recaptured up to 15 years later. Although there was a + 1 year
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margin of error around the age estimate at the time of tagging, that margin was
too small to change the conclusion that vertebral growth marks were formed
annually after tagging.

BOMB RADIOCARBON

Bomb derived radiocarbon from nuclear testing provides one of the best age
validation approaches available for long-lived fishes (Kalish, 1993, 19954, b;
Kalish et al., 1996, 1997; Campana, 1997, 1999; Campana & Jones, 1998). The
onset of nuclear testing in the late 1950s resulted in an abrupt increase in
atmospheric '*C, which was soon incorporated into corals, bivalves, fish and
other organisms that were growing at the time. Thus the period is analogous to
a large-scale chemical tagging experiment, wherein all otolith cores of fish
hatched before 1958 contain relatively little '*C and all those hatched after 1968
contain elevated levels. Fish born in the transition period contain intermediate
levels. As a result, the interpretation of the '*C chronology in a sample of otolith
cores is relatively simple; the otolith-based '*C chronology spanning the 1960s
should match other published '*C chronologies for the region (whether from
otoliths or other calcified organisms) as long as the annular age assignments
(=year-class) are correct. Any under-ageing would phase shift the otolith C
chronology towards more recent years, while over-ageing would phase shift it
towards earlier years. Otolith contamination with material of more recent origin
can only increase the A'*C value, not decrease it. Thus the otolith A'*C value
sets a minimum age to the sample, and the years 1958-1965 become the most
sensitive years for A'*C-based ageing. For fish born during this time period,
bomb radiocarbon can be used to confirm the accuracy of more traditional
ageing approaches with an accuracy of at least + 1-3 years; the discriminatory
power of samples born before or after this period is more than an order of
magnitude lower. Since the '“C signal recorded in deepsea and freshwater
environments is different from that of surface marine waters (deepsea=delayed;
fresh water=advanced), reference '*C chronologies appropriate to the environ-
ment experienced during the period of otolith core formation must be used
(Kalish, 1995b; Campana & Jones, 1998). Clearly, this approach is not well
suited to studies of short-lived (<5 years) species, in instances where the
presumed hatch dates do not span the 1960s, or in environments where
appropriate reference chronologies are not available. On the other hand, the low
radioactive decay rate of "“C implies that both archived and recent collections
are appropriate for assay.

MARK-RECAPTURE OF CHEMICALLY-TAGGED FISH

Mark-recapture of chemically-tagged (OTC) wild fish is one of the best
methods available for validating the periodicity of growth increment formation.
The method is based on rapid incorporation of calcium-binding chemicals such
as oxytetracyline, alizarin, calcein or strontium, applied at the time of tagging,
into bones, scales, spines and otoliths (Campana, 1999). Application is through
immersion, injection or feeding, although injection is the most practical method
for tagging studies of wild fish (Geffen, 1982; Foreman, 1987; Francis et al.,
1992; Oliveira, 1996). The result is a permanent mark, visible under fluorescent
light (except strontium), in the growth increment being formed at the time of
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tagging. The number of growth increments formed distal to the chemical mark
is then compared to the time at liberty after tagging. This approach has been
used to validate annulus formation in a wide variety of structures and species,
including sablefish otoliths (Beamish & Chilton, 1982), shark vertebrae (Brown
& Gruber, 1988), pike cleithra (Casselman, 1974), spiny dogfish spines (Beamish
& McFarlane, 1985), and coral reef fish otoliths (Fowler, 1990). The approach
has also been used successfully at the microstructural level, validating daily
increment formation in a variety of tuna species (Wild & Foreman, 1980; Laurs
et al., 1985). A major advantage of this approach is that the growth increments
being validated are formed while the fish is growing in a natural environment.
Experiments in which fish are chemically-tagged and then reared in the labora-
tory or an outside enclosure (Campana & Neilson, 1982; Schmitt, 1984) are less
optimal, although they are logistically easier to carry out. A disadvantage of the
chemical tagging approach is that the number of increments formed after tagging
is often low, resulting in a potentially large relative error if one of the increments
(such as that at the growing edge) is misinterpreted. For example, misinterpre-
tation of a single growth zone in a fish at liberty 2 years would result in a 50%
error, whereas the same misinterpretation in a fish at liberty 10 years would only
produce a 10% error. This effect was highlighted in a recent study in which
long-term mark-recaptures detected problems with annulus identification that
were not evident from short-term recaptures in the same study (Beamish &
McFarlane, 2000). For this reason, fish tagged at a young age and recaptured at
an old age provide the most robust validation results (Natanson et al., 2001).
Notwithstanding the caveat that this method only validates growth increment
formation for the size/age of fish tagged, this is a powerful method, and one of
the few readily applied to adult wild fishes.

RADIOCHEMICAL DATING

Radiochemical dating of otoliths is based on the radioactive decay of naturally
occurring radioisotopes which are incorporated into the otolith during its
growth. Once incorporated into the otolith, the radioisotopes decay into
radioactive daughter products, which are themselves retained within the acellular
crystalline structure. Since the half-lives of the parent and daughter isotopes are
known (and fixed), the ratio between them is an index of elapsed time since
incorporation of the parent isotope into the otolith. By restricting the assay to
the extracted otolith core (as opposed to the whole otolith), objective, accurate
estimates of absolute age are possible (Bennett ef al., 1982; Campana et al., 1990,
1993; Fenton et al., 1990, 1991; Smith et al., 1991; Kastelle et al., 1994; Milton
et al., 1995; Burton et al., 1999; Campana, 1999). The isotopic concentrations
requiring measurement are exceedingly low, resulting in assay precisions which
are often less than optimal, although recent methodological changes have
substantially improved precision (Andrews et al., 1999). Current discriminatory
power is on the order of 5 years for >'°Pb : ?*°Ra and 1-2 years for ?**Th : ***Ra,
over age ranges of 0-40 and 0-8 years, respectively. Therefore, this approach is
best suited to long-lived species where the candidate age interpretations are
widely divergent, such as in Sebastes or Hoplostethus (Campana et al., 1990;
Fenton et al., 1991).
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DISCRETE LENGTH MODES SAMPLED FOR AGE STRUCTURES

Progression of discrete length modes sampled for age structures has seldom
been applied rigorously, but it is a reasonably robust approach for validating the
interpretation of annuli in young fish. By monitoring the progression of discrete
length modes across months within a year, it is relatively straight forward to
determine if the modes correspond to age classes (Natanson et al, 2001). In
instances where the length modes are well separated, can be tracked throughout
the year, are not confounded by size-selective mortality, migration or multiple
recruitment pulses within a year, and the mode corresponding to the young-of-
the-year can be unequivocally identified, absolute age is confirmed. Examination
of the ageing structures sampled from those same modes can then be used to test
the validity of the presumed annuli as age indicators. This was the basis of the
approach by Hanchet & Uozumi (1996), who found good correspondence
between the number of presumed annuli and the age of the first three well-
defined length modes (where the age was confirmed by modal progression). This
approach is not equivalent to that which is more commonly applied, in
which discrete length modes observed in a single sample are each assumed
to correspond to an age class (Shirvell, 1981; Morales-Nin, 1989). While such
an approach provides corroboration for an age interpretation, there is no
independent evidence that the length modes represent age classes; thus strictly
speaking, an approach that does not track modal progression through the year
does not validate either absolute age or annulus periodicity. In principle,
sampled modal progression should also be applicable to daily age validation. In
practice however, size-selective mortality and/or migration is often pronounced
in young fishes, thus invalidating the assumption that a distinct cohort is being
tracked (Meekan & Fortier, 1996).

NATURAL, DATE-SPECIFIC MARKERS

Capture of wild fish with natural, date-specific markers is an approach that has
many of the same advantages and disadvantages of bomb radiocarbon dating,
since it relies on a large-scale event that applies a dated mark to all fish in a
population. In the specific (and rare) instances in which it can be applied, this
method can be used to validate growth increment formation over a substantial
portion of a fish’s life history. For example, both Blacker (1974) and Rauck
(1974) reported the presence of otolith annuli which appeared to be characteristic
of specific year-classes, such as the characteristically narrow second year growth
zone of 1 year-class of Bear Island cod. More recently, MacLellan & Saunders
(1995) suggested that the El Nifio-induced disruption of growth in one year-class
of Pacific hake (Merluccius productus Ayres) could be used as a dated marker to
validate the frequency of annulus formation in fish from this year-class as it grew
older. In general however, such marks would seldom be expected to be
unambiguously identifiable in individual fish, and in any event, would have to be
monitored over a number of years to insure that the mark remained identifiable.

A related but different approach is to take advantage of physiologically-
generated marks or checks on the ageing structure, such as the hatching,
emergence or first feeding check of salmonids (Marshall & Parker, 1982). This
can be a powerful validation method of either absolute age or increment
periodicity, as long as the date of check formation can be determined through
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independent observation, and as long as the identity of the check is unambigu-
ous. In the salmonid example above, once an observer had noted the date of
emergence of a specific fish from the gravel, the emergence check had become a
dated mark on the otolith of that fish that could then be used to validate both the
absolute age and the frequency of formation of the daily increments formed until
the date of capture. This method is probably better suited to daily increment
validation than to annulus validation, since hatch checks (Campana & Neilson,
1985) and settlement marks (Wilson & McCormick, 1997) are common in some
groups of fishes. Nevertheless, analogous marks do exist in many older fish, such
as the otolith transition zone associated with the onset of sexual maturity
(Francis & Horn, 1997). In all cases however, a key requirement is the
independent observation of the date of the physiological event, since without it,
the check is associated with an age, but not a date of formation.

MARGINAL INCREMENT ANALYSIS

Marginal increment analysis (MIA) is the most commonly used, and the
most likely to be abused, of the validation methods. The underlying premise as
a method for validating increment periodicity is sound: if a growth increment
is formed on a yearly (daily) cycle, the average state of completion of the
outermost increment should display a yearly (daily) sinusoidal cycle when
plotted against season (time of day) (e.g. Hyndes et al., 1992; Fowler & Short,
1998; Morales-Nin et al., 1998; Carlson et al, 1999). The popularity of this
method can be attributed to its modest sampling requirements and low cost.
However, in many ways, this is one of the most difficult validation methods to
carry out properly, due to the technical difficulties associated with viewing a
partial increment affected by variable light refraction through an edge which
becomes increasingly thin as the margin is approached, as well as light reflection
off the curved surface of the edge. The absence of an objective means of
interpreting the data further complicates the situation. In their review of annulus
seasonality studies, Beckman & Wilson (1995) interpreted the results of 104 MIA
studies, concluding that about 30% of the species from a given region formed
annuli at times different than that of the other species. It is possible that annuli
did not form in all of these species, or that the time of opaque zone formation
varied widely among species. Indeed, Beckman & Wilson (1995) highlighted the
current lack of understanding of the mechanisms underlying annulus formation.
However, a more likely explanation is that the MIA technique itself was of low
resolving power. Even more problematic are studies which attempt to validate
daily increment formation with MIA, working near the resolution limit of light,
and confounded by the presence of subdaily increments. Although daily MIA
based on transmission electron microscopy (Zhang & Runham, 1992) or using
otoliths with unusually broad increments (Jenkins & Davis, 1990) has some
merit, MIA studies of daily increments are, in general, of questionable value.

Marginal increment analysis is sometimes differentiated from edge analysis,
but when used as a validation method, has similar properties. The marginal
increment is usually calculated as a proportional state of completion, ranging
from near zero (an increment is just beginning to form) to one (a complete
increment has formed) as well as all values in between. When plotted as a
function of month or season, the mean marginal increment should describe
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a sinusoidal cycle with a frequency of one year in true annuli (Lehodey &
Grandperrin, 1996; Vilizzi & Walker, 1999). Edge analysis does not assign a
state of completion to the marginal increment, but rather records its presence
as either an opaque or translucent zone (van der Walt & Beckley, 1997;
Labropoulou & Papaconstantinou, 2000). It is the change in relative frequency
of each edge zone which is plotted across months or seasons, but as with MIA,
the cycle frequency should equal one year in true annuli. In both MIA and edge
analysis, a yearly cycle of formation can be difficult to distinguish from other
frequencies, contributing to their poor performance as validation methods.
Changes in the seasonal timing of the marginal increment with age or location
undoubtedly contribute to the problem; significant and unexplained differences
among years have also been noted (Pearson, 1996; Cappo et al., 2000). Despite
the problems inherent in their use for age validation, both MIA and edge
analysis are well suited for determining the month or season of formation of the
opaque or translucent zone once annulus formation has been validated through
independent means (Pearson, 1996; Natanson et al., 2001).

There are several reasons why MIA may provide misleading results.
Prominent among these is the fact that the marginal increment is most easily
discerned in young, fast-growing fish, a life history stage where the marginal
increment may accurately confirm the formation of annual increments. The
problem arises when the °validation results’ are later applied to older fish,
contrary to the assumptions of all age validation methods. Many studies have
reported age validation based on MIA of young fish, but noted that the same
ageing structure and/or approach provided incorrect ages in older fish
(Campana, 1984; Hyndes et al., 1992; Lowerre-Barbieri et al., 1994). More
troublesome are the instances where age validation based on MIA of young fish
later evolved to form the basis for routine ageing of the species across all age
groups. For example, MIA of scales in young snapper (Pagrus auratus Bloch
and Schneider) quickly evolved to become the basis for all scale ageing of the
species in several countries; OTC mark-recapture results later showed that scale
ages underestimated true age in older fish (Francis et al, 1992). A nearly
identical situation took place in the north-east Pacific, where all routine ageing of
sablefish (Anoplopoma fimbria Pallas) by several countries was based on scales
validated with MIA. It wasn’t until otolith OTC mark-recapture studies were
completed that it was realized that scale ages were underestimating the age of
older fish by up to a factor of four (McFarlane & Beamish, 1995). Note however
that MIA misuse is not restricted to scale ageing. Annuli in whole otoliths of
redfish (Sebastes spp.) were validated using MIA, and subsequently became an
accepted procedure of many organizations for ageing these long-lived fishes;
subsequent validations have demonstrated that whole otoliths grossly under-
estimate age in older fish (Campana et al., 1990). The conclusion is clear: when
proper age validation studies are lacking, researchers will often seize upon any
available studies which can corroborate their age interpretations. And since
MIA is one of the few validation methods which is restricted to young,
fast-growing fish, it is also the most likely to lead to serious ageing error when
applied blind.

It is difficult to recommend the use of a technique where the data can be
so subjectively interpreted. Nonetheless, the approach is valid if done with
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sufficient rigour. Four aspects of a rigorous protocol appear to be important:
(1) samples must be completely randomized before examination, with no
indication to the examiner when the sample was collected; (2) a minimum of two
complete cycles needs to be examined, in accordance with accepted methods for
detecting cycles; (3) the results must be interpreted objectively, extending well
beyond the ‘ looks like a cycle to me ’ interpretation that is so commonly used.
It is difficult to recommend one statistical test that would apply in all circum-
stances, although a variety of useful options have been offered (Vilizzi & Walker,
1999; Cappo et al., 2000). At a minimum however, there should be significant
differences among some or all of the seasonal groups in each of the cycles
examined; and (4) the MIA should be restricted to only a few age groups at a
time, ideally only one. As noted by Hyndes et al (1992) in a study of whole
otoliths, examination of a sample which includes young, annulus-producing fish
and older, non-annulus producing fish can easily result in a significant annual
cycle for the sample as a whole, despite the fact that the older fish by themselves
would not show such a cycle. In other words, the validation results should be
considered to be age-specific.

CAPTIVE REARING

Captive rearing is generally discounted as a reliable means of validating
annulus formation, but maintains some utility at the daily level. Laboratory
environments are seldom able to mimic natural environments, due to their
artificial photoperiods, temperature cycles, feeding schedules and limited space
for diurnal vertical migrations. Since annulus formation is strongly influenced
by the environment (Schramm, 1989; Beckman & Wilson, 1995), an artificial
environment is likely to produce artificial annuli. Daily growth increments are
much less affected by environmental conditions, due to the endocrine-driven
endogenous rhythm which controls their formation (Campana & Neilson, 1985).
While laboratory environments are well known for resulting in daily incre-
ments of altered appearance, the frequency of their formation is not generally
an issue unless the rate of growth is unnaturally low. For this reason,
laboratory experiments to confirm daily increment formation of known-age or
chemically-marked fish are common (Geffen, 1992).

Mesocosms, ocean pens and outside enclosures provide improved and more
natural rearing environments for validation studies than do indoor locations.
For otolith microstructure studies in particular, outdoor rearing can be expected
to produce daily increments which are quasi-natural in appearance and fre-
quency, although growth rates can be artificially high in hatchery operations
(Campana & Neilson, 1982; Folkvord et al., 1997). At the annual level, outdoor
rearing can also be expected to produce more natural-looking growth structures,
although it has not yet been determined if annuli produced under such
conditions are equivalent to those of wild fish (Schramm, 1989).

FREQUENCY OF USE OF AGE VALIDATION METHODS

Each age validation method has advantages and disadvantages (Table I) which
would be expected to influence the frequency of their use. Perhaps not



214 S. E. CAMPANA

60

(a)
50 —

30 —

T EmE e SN

(L))

Number of studies

100 —

80 — —

60 —

20 —

Known
Bomb
Radio

N
Lab
Lab-OTC

F1G. 2. Summary of papers reporting age validation after 1983, categorized by age validation method: (a)
annual ages (n=205); (b) daily ages (n=162). Known, known age; Bomb, bomb radiocarbon;
OTC, mark-recapture of chemically tagged wild fish; Radio, radiochemical dating; Modes,
progression of length modes sampled for ages; Natural, natural, date-specific markers; MIA,
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chemical marking.

surprisingly though, cost and opportunity appear to play major roles in the
selection of a method. In a review of 372 papers published since the appearance
of Beamish & McFarlane’s (1983) plea for age validation, the majority of papers
attempting to validate annuli used MIA, one of the least rigorous methods, to do
so (Fig. 2). On a more encouraging note, more than 40% of the annulus
validation studies used one of the three most rigorous methods, a substantial
improvement over the situation prior to 1983.

Annulus validation studies were most focused on otoliths (r=102), with
smaller numbers dealing with vertebrae (n=26), scales (n=10), fin spines/rays
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(n=9), bivalves (n=7), and others (n=13). However, validation methods were
not equitably distributed among ageing structures. More than 44% of the otolith
annulus studies used MIA for validation, while only 17% of the studies on other
ageing structures did so. Scale validation studies in particular tended to use very
rigorous techniques (known age, OTC mark-recapture), presumably because of
their well documented failures in some species in the past (Beamish &
McFarlane, 1987; Casselman, 1987).

Validation methods for daily growth increments require different approaches
than do those for annuli, so the selection of method would also be expected to
differ. More than 90% of the reported studies reared organisms in captivity to
validate daily increment formation, either from hatch or after chemical marking
(Fig. 2). As noted earlier, captive rearing is of greater scientific rigour in daily
increment validation studies than in those on annuli, due to the lesser influence
of the environment on frequency of formation (Campana & Neilson, 1985).
Nevertheless, the relative scarcity of validation studies on wild fish was some-
what surprising. Otolith papers made up the bulk of the studies (rn=186), but
studies on daily increments in squid statoliths (n=16), bivalves (n=2) and scales
(n=1) used similar approaches. MIA was seldom used (6%), and then primarily
in otoliths.

With greater scientific quality, it is perhaps not surprising that some recent
age validation results appeared to contradict earlier, less rigorous results.
For example, Beamish & McFarlane (2000) reevaluated annulus formation
on sablefish otoliths after extended periods at liberty after OTC tagging,
and reported that annulus formation was not necessarily as clearcut as
had been reported earlier (McFarlane & Beamish, 1995). The differ-
ence in interpretation was apparently due to the relatively short period after
recapture in the earlier study, resulting in poor sensitivity. In a second
study, Wild et al (1995) reported that daily increment formation became
inconsistent in large skipjack tuna (Katsuwonus pelamis L.), despite the
results of an earlier validation study (Uchiyama & Struhsaker, 1981). The
1981 study was based on young, lab-reared tuna, while the 1995 report was
based on a much more rigorous study of older, OTC-marked fish in the wild.
Campana (1983) also reported non-daily increment formation in some starry
flounder (Platichthys stellatus Pallas) otoliths, apparently contradicting an
earlier report of daily increment validation (Campana & Neilson, 1982). In
this case however, the difference in results was not due to a change in
scientific rigour but to tests on starved fish. Nevertheless, these three sets
of studies highlight the fact that not all age validation studies are created
equal, and that increased scientific rigour will always produce more reliable
results.

In summary, considerable progress appears to have been made since Beamish
& McFarlane’s (1983) paper in attempts to validate age interpretations. The
increased frequency of studies to validate absolute annual age and use chemical
mark-recapture are particularly encouraging. Nevertheless, additional work is
clearly required. The heavy reliance and apparent abuse of MIA, particularly in
the otolith world, is disturbing. With respect to daily increment studies,
additional studies using known age and chemically marked fish in their natural
environment appear to be needed.
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CORROBORATION OF AGE INTERPRETATIONS

Methods for age corroboration are not equivalent to those for age validation,
since corroboratory methods support or are correlated with a particular method
of ageing, but are not directly or logically linked. As a result, it is entirely
possible to have an age corroboration method which reinforces an incorrect age
interpretation. Nevertheless, a well designed corroboratory study can provide
valuable support for a proper age validation study in confirming the accuracy of
an age estimate or method. The following briefly summarizes the major age
corroboration methods that are currently available, some of which have pre-
viously been called (incorrectly) age validation methods. Advantages and
disadvantages of each approach are also shown in Table I.

TAG-RECAPTURE ANALYSIS

Tag-recapture analysis, along with length frequency analysis, is a member of a
suite of methods which provides growth rate estimates which can be compared
with those derived from annulus counts. The growth comparison is by inference,
since none of the recaptured fish are of known age. Nonetheless, if sufficient tag
returns are available, and particularly if the capture and release sizes were
carefully measured, the resulting growth rate estimate is an important check on
the accuracy of the age determination method. The traditional method of
Gulland & Holt (1959) uses a graph of annualized growth rate after tagging
plotted against average length between tagging and recapture to calculate the
von Bertalanffy growth parameters, L, and K. This method has been widely
used (e.g. Thorson & Lacy, 1982; Natanson et al, 1999), but assumes von
Bertalanffy growth, no measurement error and no seasonal variability in growth
rate. A more rigorous approach is the GROTAG analysis of Francis (1988),
which uses maximum likelihood methods to estimate growth rate, growth
variability and measurement error at two lengths. The approach properly
differentiates between growth at length and growth at age, and produces reliable
growth estimates, but at the cost of considerable recapture data (e.g. Francis &
Francis, 1992; Natanson et al., 2001).

LENGTH FREQUENCY ANALYSIS

Length frequency analysis subsumes a variety of different length-based
methods, all of which produce estimates of growth rate. The corroboration
occurs when the resulting growth estimate is compared to that of the age
determination method. Monitoring of the progression of length frequency
modes through time is one of the most basic of the length frequency analyses
which is possible, and can be a reliable form of age corroboration in young,
fast-growing fish (e.g. Morales-Nin & Aldebert, 1997). If monitoring occurs
throughout the year, the results can be used to verify the annual frequency of the
length modes, even if the corresponding age structures are not sampled. The
subsequent comparisons of length at age or growth rate between length-and
age-based methods must then be considered reasonably robust. Substantially
less robust is the simple observation of the position of length modes in a single
sample; in this approach, there is no confirmation that the modes actually
correspond to any age classes, let alone the identity of that age class (e.g. Shirvell,
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1981). At a more advanced level, methods such as Multifan fit a von Bertalanfty
growth curve to multiple length frequency samples using maximum likelihood
estimation (Fournier et al., 1990). In instances where monthly length samples
are available throughout the year, this method is a valuable approach for
integrating multiple samples to produce estimates of growth rate (Francis &
Francis, 1992). However, here as with the other length-based methods, the
approach is most suited for young, fast-growing fish where the length modes for
each age group are easily distinguished; Multifan will use the well-defined length
modes of the younger fish to fit a growth model to all fish, even if the length
frequency of the older fish is nonsensical. Size-selective migration into or out of
the study area is not an allowable assumption of this, or any other length-based
method.

SAMPLING OF RECRUITMENT PULSES

Periodic sampling of recruitment pulses has proven valuable in annulus studies
of some long-lived fishes, although considerably less so at the daily level. Also
termed ‘ progression of strong year-classes ’, the method compares the interval
between periodic (e.g. yearly) samples and the increase in the apparent modal age
of a recruitment pulse as determined through annulus counts. Where the
recruitment pulses are sufficiently well-defined and there is no appreciable
age-structured migration, mortality or age reader expectations (Beamish &
McFarlane, 1995), the method can provide a strong, albeit qualitative, confir-
mation of growth increment periodicity (Donald ef al, 1992). For example,
Morison et al. (1998a) clearly showed the otolith age-based modal progression of
two strong year-classes over a 4 year sampling period, thus supporting the
validity of the otolith-based ageing method. The method has also been used
at the daily level (Uozumi & Ohara, 1993), although the likelihood of age-
structured mortality distorting the apparent hatch date of the recruitment pulse
is higher in young-of-the-year fishes (Campana & Jones, 1992). Comparison of
the collection interval between samples and the difference in mean ages of those
same samples is a variation on the same theme, but without the advantage of a
well-defined recruitment pulse. Comparison of observed hatch dates with those
estimated from the otolith microstructure of young-of-the-year (Morales-Nin
et al., 1999) is not a comparable measure of ageing accuracy, since it makes the
difficult assumption of no age- or date-specific mortality.

NUMERICAL INTEGRATION OF DAILY INCREMENT WIDTHS

When the underlying assumptions are met, numerical integration of daily
increment widths is an ingenious method for estimating (or even validating)
annual age in species for which annular growth increment counts are problematic
(Ralston & Miyamoto, 1983; Ralston & Williams, 1989; Smith & Kostlan, 1991).
The method is based on a random sample of daily increment widths along an
uninterrupted growth axis of the otolith which, when integrated over the
observed length of the growth radius, must yield the daily age of the otolith and
fish. However, the difficulty arises in assessing the validity of the underlying
assumptions. If the daily increment sequence is anything other than continuous,
or if the measured (and presumably clear) increment widths are not represen-
tative of the unmeasured (unclear) increments, the integration will fail, usually in
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the form of underageing. While these assumptions have been ignored by
some (Gauldie, 1994), it is difficult to overstate their importance. In general,
daily increment sequences become increasingly likely to become interrupted in
fish older than 1 year (Campana & Neilson, 1985), rendering the numerical
integration method more useful for age corroboration than for validation.

DAILY INCREMENT COUNTS

Daily increment counts between presumed annuli can provide strong
corroboration of the frequency of formation of the annuli, subject to the same
assumptions of the numerical integration method. In this method however, all
increments are examined and counted, making the assumptions of the approach
somewhat easier to test. Daily increment formation must also be assumed, but
this assumption is reasonably safe compared to that of sequence continuity. In
cases where approximately 365 daily increments are counted between presumed
annuli, a conclusion of annulus formation seems reasonably sound (e.g.
Morales-Nin, 1988; Wilson, 1988). However, no conclusions can be drawn from
otoliths in which markedly more or fewer increments are counted, since the result
could reflect either the formation of non-annuli, misinterpretation of the daily
increments, or an interrupted growth increment sequence.

ELEMENTAL AND ISOTOPIC CYCLES

Elemental and isotopic cycles have sometimes been observed in association
with presumed annuli (Casselman, 1983; Cailliet ez al., 1986; Stevenson & Secor,
1999), but as a form of age corroboration, they are purely correlative. Regular
fluctuations in calcium, phosphorus or oxygen isotopes may well be reflecting
environmental fluctuation, but whether they do so on an annual basis is subject
to conjecture. It is generally accepted that annulus formation reflects annular
variations in growth rate, but the frequent presence of pseudoannuli in many
calcified structures indicates that those growth variations need not be annual.
Since growth rate may also influence the deposition of some elements and
isotopes (Campana, 1999), it is reasonable to expect that chemical cycles would
mirror observed growth increments, whether or not those increments are formed
annually. As a result, chemical cycles would appear useful for confirming the
presence of visually-observed growth increments, but of limited value for
inferring the periodicity of those increments.

OTHER METHODS

Methods which are neither validation nor corroboration are sometimes
reported as such in the literature, but may actually serve some other purpose.
For example, back-calculated lengths are useful for reducing the effect of
size-selective sampling bias on the length estimates for the youngest fish in the
sample, inferring the diameter of the first annulus, and providing a continuous
sequence of lengths for a growth curve (e.g. Wintner & Cliff, 1999). However,
the similarity of back-calculated lengths across several ageing structures in no
way validates or corroborates any age interpretation; it merely shows consistency
in the interpretation of the sequence of growth increments, independent of
whether or not the interpretation is correct. Similarly, if the radius of a given
growth increment is shown to form consistently at a particular ‘age’ (e.g.
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Collins et al., 1989; Morales-Nin, 2000), those results indicate that the increment
is probably biologically meaningful (e.g. perhaps an annulus, perhaps a settling
check), but its identity as an annulus remains unknown.

Comparison of multiple ageing structures within each fish is also a form of age
non-corroboration. While structure comparisons are very useful during the
selection of a preferred ageing method, consistency among within-fish growth
structures is the rule rather than the exception. This is not surprising given that
the growth of all structures within a given fish tends to be influenced by the same
environmental and physiological factors.

VALIDATION OF THE FIRST GROWTH INCREMENT

Identification of the first, or innermost, growth increment is an important
component of any age validation study. In studies which have validated
increment periodicity rather than absolute age (as in chemical tagging studies),
validation of the first increment is a mandatory adjunct to age determination;
without a correctly defined starting point, age determinations will be consistently
wrong by a constant amount. For example, uncertainty over the identification of
the first vertebral annulus in porbeagle shark (Lamna nasus Bonnaterre) in two
independent studies resulted in size at age estimates which consistently differed
by one year (Francis & Stevens, 2000; Natanson et al, 2001). Even in cases
where absolute age has been validated, reliable identification of the first
increment can substantially increase the precision of any individual age determi-
nation. Increased precision is particularly important for age determinations of
young fish, where a random error of 1 year can introduce unacceptable error into
all individual age estimates, even though the mean is still correct. Identification
of the first annulus is often more problematic than that of the first daily growth
increment, since the latter is often clearly visible as a hatch check (Campana &
Neilson, 1985).

In principle, identification and validation of the first growth increment can
proceed using any of the age validation methods described earlier. In practice
though, only a subset of the available methods possess the necessary precision.
Release of known age or chemically-marked young-of-the-year (YOY) fish is
well suited to this type of application (Ferrell et al., 1992; Fitzgerald et al., 1997).
For annulus studies, modal progression with age subsampling is also straight
forward and accurate; monitoring the modal length of the presumed YOY (for
example, through periodic research surveys) confirms their identity as YOY,
while inspection of the marginal increment in those same YOY in the season of
annulus formation confirms the formation of the presumed first annulus (Ferrell
et al, 1992). Since the marginal increment in YOY fish can sometimes be
difficult to distinguish from false checks, a practical alternative is to measure the
diameter of the YOY ageing structure (along the axis used for ageing) at the time
of annulus formation to determine the expected diameter of the first annulus
(Natanson et al., 2001). Clearly, this approach requires independent knowledge
of the season of annulus formation in that species and location, although that
information can be gained from MIA of older fish (Beckman & Wilson, 1995).
Validation of the first daily growth increment is even more straight forward,
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F1G. 3. Schematic diagram of an approach to validate the identity of the first annulus. Using the mode
corresponding to the young-of-year (YOY) fish in a length-frequency sample collected around the
time of annulus formation, annulus diameter is predicted on the basis of a fish length-otolith length
regression (determined using the same or different samples). Predicted annulus diameter is then
overlayed onto a series of otoliths to identify the growth increment which most closely corresponds
in diameter.

requiring only samples of larvae hatched in captivity to identify the hatch or
first-feeding check (Campana, 1989; Moksness, 1992).

In instances where ageing structures cannot be collected from YOY in the
season when their first annulus is being formed, a variation on the modal
progression validation approach is possible. This approach requires an estimate
of mean YOY fish length in the season of annulus formation (e.g. around the
first birthday). When this estimate is inserted into a fish length-otolith length
regression, the mean expected diameter of the first annulus can be predicted
(Fig. 3). It then becomes a simple matter to overlay the expected annulus
diameter on probable first annuli in the otolith. This approach has been used to
validate the position of the first annulus in both anchovy (Sardinops sagax
Jenyns) (Spratt, 1975) and haddock otoliths (Campana, 1997).

In species with a clearly interpretable otolith microstructure, daily increment
counts can often be used to confirm the identity of the first annulus (Waldron,
1994; Griffiths, 1996; Lehodey & Grandperrin, 1996). Since the increment
counts need not be made with great accuracy, this is a robust approach as long
as the approximate dates of hatch and annulus formation are known. The
underlying assumption of an uninterrupted growth sequence must be satisfied,
but daily increment formation is usually continuous during the first 6 months of
life (Campana & Neilson, 1985). Since daily increments often become unresolv-
able during the winter months (Francis et al., 1992), this method is most suited
to the identification of the beginning of the winter growth zone, rather than its
end.

Taking advantage of the fact that otoliths first appear in the embryonic stage
of the fish, Morison et al (1998a) used an otolith weight-age regression to
determine if the first annulus had been correctly identified; a regression intercept
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closest to zero was considered most consistent with accurate ageing. However,
the basis for this method was not well established, and it was not at all clear
that the method was sufficiently sensitive to detect anything other than gross
errors.

INTERPRETATION OF THE MARGINAL GROWTH INCREMENT

Correct interpretation of the edge type influences ageing accuracy at the yearly
level, since an annulus on the margin of a structure collected just after the
assigned birthday can be given a different age assignment than the same structure
collected just before the birthday. Although it has been suggested that edge type
identification is a component of age validation (Francis et al, 1992), the
marginal increment does not require validation independent of that of any of the
other growth increments. Thus it is more correct to say that the age assignment
of a fish is a function not only of annulus count, but of edge type in relation to
date of collection and assigned birth date. The protocols for handling edge type
in relation to growth axis and collection date are more fully discussed elsewhere
(Morison et al., 1998a; Cappo et al., 2000), as is the need to consider edge type
on a stock-specific basis (Pearson, 1996). Casselman (1990) has automated the
calculation of age from annulus count, edge type and collection date, so as to
remove the possibility of calculation error from the age reader.

AGEING PRECISION

Precision is defined as the reproducibility of repeated measurements on a given
structure, whether or not those measurements (age readings) are accurate. It is
not unusual for inaccurate age readings to be highly reproducible (in other
words, precisely wrong) or to show no relationship between accuracy and
precision (Campana et al., 1990; Campana & Moksness, 1991; Campana, 1995).
Therefore, precision cannot be used as a proxy for accuracy. Nevertheless, a
measure of precision is a valuable means of assessing the relative ease of
determining the age of a particular structure, of assessing the reproducibility of
an individual’s age determinations, or of comparing the skill level of one ager
relative to that of others.

There are two widely used and statistically sound measures of ageing precision:
average percent error (APE) and coefficient of variation (CV). Although percent
agreement is the traditional index of ageing precision, many authors have
pointed out its inadequacies (Beamish & Fournier, 1981; Chang, 1982; Kimura
& Lyons, 1991; Campana et al., 1995). The failure of percent agreement as a
measure of precision is largely due to the fact that it varies so widely both among
species and among ages within a species. Beamish & Fournier (1981) illustrated
this point by noting that 95% agreement to within one year between two age
readers of Pacific cod Gadus macrocephalus Tilesius constituted poor precision,
given the few yearclasses in the fishery. On the other hand, 95% agreement to
within 5 years would constitute good precision for spiny dogfish Squalus
acanthias L., given its 60 year longevity. Thus, Beamish & Fournier (1981)
recommended the use of average per cent error (APE), defined as:



222 S. E. CAMPANA

R

APE,=100% x~ y XXl
RS X,
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of the jth fish, and R is the number of times each fish is aged. When averaged
across many fish, it becomes an index of average percent error. Chang (1982)
agreed that APE was a substantial improvement over percent agreement, but
suggested that the standard deviation be substituted for the absolute deviation
from the mean age. The resulting equation produces an estimate of the
coefficient of variation (CV), expressed as the ratio of the standard deviation
over the mean, and can be written as:
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where CV; is the age precision estimate for the jth fish. As with the equation for
APE, it can be averaged across fish to produce a mean CV. The index of
precision (D) is similar to the CV (and identical to APE when R=2), but is
calculated as (Chang, 1982):

All measures of precision will be artificially inflated by any bias which
exists between agers. In the absence of bias, the CV and APE are equally
sensitive to precision differences among agers, although the CV is statistically
more rigorous and thus more flexible (Chang, 1982). Neither APE nor CV is
particularly sensitive to variations in age composition, although both tend to
decline to asymptotic values as age increases. In contrast, percent agreement
declines substantially with age, thus explaining the large artifactual variations in
percent agreement which can occur when comparing the precision of two
samples of different age composition (Kimura & Lyons, 1991; Campana et al.,
1995).

A review of 131 recent ageing papers reporting precision values indicates that
both CV and APE are used widely, although most (57%) used CV. At the yearly
level, the balance between CV and APE was almost exactly 50%, while CV was
clearly favoured for otolith microstructure studies (84%). Such extensive use of
two different indices has made it difficult to compare among many of the studies,
despite the fact that Chang (1982) derived an equation indicating that CV will
always exceed APE by a predictable quantity. To facilitate conversion between
APE and CV, a predictive regression was fitted to the precision values reported
in 14 papers in which both APE and CV were presented (Fig. 4). Three
additional papers were not used, since one or both precision measures appear to
have been calculated incorrectly. The regression demonstrated that CV is readily
estimated from APE, that CV tends to be about 40% higher than APE for any
given set of ageing data, and that the relationship between the two measures is
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Fi1G. 5. Frequency histogram of published precision values (n=117) for both daily and annual age
determinations across all ageing structures. Where precision was published in the form of APE,
precision was converted to CV using the regression equation of Fig. 4.

tight. On the basis of this relationship, it is not self-evident that one measure is
to be preferred over the other.

Published precision values (n=117) were summarized after first converting all
to a common currency (CV) (Fig. 5). The median CV across all ageing
structures, and including both annual and daily ageing studies, was 7-6%. The
modal CV was 5%. To determine the precision levels characteristic of the most
commonly aged structures, the CV values of Fig. 5 were broken down by
structure within both daily and annual ageing studies (Fig. 6). There were no
significant differences in precision among any of the ageing structures, although
mean annual otolith ages tended to be slightly more precise than those of either
scales or vertebrae. Mean precision was not well defined for fin rays or spines
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F1G. 6. Reported precision (calculated as CV) for the most frequently aged structures at both the annual
(a) and daily (b) level. Error bars represent the mean + 95% confidence interval; vert, vertebrae.

due to low sample sizes. At the daily level, statoliths tended to be aged more
precisely than otoliths. Interestingly, the CV of annual otolith ages was almost
identical to that of daily otolith ages (Fig. 6).

There is no a priori value of precision which can be designated as a target level
for ageing studies, since precision is highly influenced by the species and the
nature of the structure, and not just the age reader. For example, virtually all
studies reporting shark ages based on vertebrae did so with CV values exceeding
10%, while the most frequently reported CV for otoliths was 5%. High-volume
ageing laboratories seldom report their threshold precision levels, but an APE
less than 5% is expected in some (Morison et al., 1998b). On the basis of the
reviewed literature, many ageing studies can be carried out with a CV of less than
7:6%, corresponding to an APE of 5-:5%. Informal discussions with a number of
laboratories suggest that a CV of 5% serves as a reference point for many fishes
of moderate longevity and reading complexity.

QUALITY CONTROL

In a review of ageing programs worldwide, Campana & Thorrold (2001)
reported that 1-2 million fish were aged globally in 1999. The large majority of
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these age determinations were made as part of ‘ production ageing’ programs
(sensu Morison et al., 1998b), usually in support of fish stock assessments.
Informal discussions with many of the production ageing laboratories suggested
that the development and continued success of their ageing programs involved
four steps:

(1) development of an ageing method
(2) age validation

(3) preparation of a reference collection
(4) quality control monitoring

The need for quality control monitoring (and reference collections) varies
with the application, but is most relevant to high-volume and ongoing age
determinations (Kimura & Lyons, 1991; Campana et al., 1995; Morison et al.,
1998b). For these types of applications, ageing consistency from year to year is
of prime importance, since even a gradual deterioration in ageing accuracy can
lead to serious errors in a stock assessment (Lai & Gunderson, 1987; Tyler et al.,
1989; Bradford, 1991; Beamish & McFarlane, 1995; Campana, 1995; Eklund
et al. 2000). Therefore, ageing consistency is monitored through time, under the
working assumption that the method is accurate (an assumption that was
presumably tested and confirmed in the age validation stage). As noted by
Campana et al. (1995), the monitoring process ensures (1) that the age interpre-
tations of individual age readers do not ‘ drift * through time, introducing bias
relative to earlier determinations; and (2) that the age interpretations by different
readers are comparable. Such a protocol monitors both relative accuracy and
precision at regular intervals, and is completely analogous to quality control
protocols in a manufacturing process. Integral to the quality control process is
the reference collection and a set of statistical monitoring tools, both of which
are discussed in the next sections.

REFERENCE COLLECTIONS

Reference collections of otoliths or other ageing structures are important, and
perhaps mandatory, elements of an ongoing ageing program (Campana, 1995;
Groger, 1999). The primary role of the reference collection is to monitor ageing
consistency over both the short and long term, as well as among age readers.
The collection is particularly important for testing for long-term drift, something
that cannot be detected through simple re-ageing of samples from the previous
year, or through use of a secondary age reader. A second role of the reference
collection is for training purposes; a representative subsample of the collection
can be imaged and annotated, thus simplifying the training of new age readers
and insuring consistency in the type of structures which are interpreted as growth
increments.

A reference collection can be defined as a collection of prepared ageing
structures, of known or consensus-derived ages, representative of all factors
which might reasonably be expected to influence the appearance or relative size
of the growth increments. A list of such factors might include all combinations
of age, sex, season, and source of collection, spanning the entire length range, a
representative sample of the geographic range, and several collection years.
Good seasonal coverage is necessary in light of the effect on the appearance of
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the marginal increment. A collection composed of several years derived from
across the distributional range is important to insure that any year-specific or
region-specific anomalies are not given undue weight. In instances where stock
differences can be expected, a stock-specific reference collection is warranted. A
collection of optimal preparations is not required, and is in fact counterproduc-
tive: given its use for quality control monitoring and training, ‘average’
preparations are more likely to be of value than ideal preparations.

Once assembled, the reference collection can be sent out for ageing as part of
an exchange program, either physically or in the form of digital images. The
preparation of digital images insures long-term availability, facilitates exchanges
with other laboratories, and simplifies the training of new age readers. The use
of annotated ° layers ’ (sensu Photoshop) which can be toggled off and on, allows
the image to be interpreted with or without the annotation. Digital images can
also be posted on the Web, thus helping to standardize age interpretations
among other laboratories.

The exchange of either digital images or the actual reference collection
presupposes that other laboratories use the same method of structure prep-
aration. Mode of preparation can have a significant effect on age interpretation
(Boehlert, 1985; Campana & Moksness, 1991), so it is inappropriate to consider
that a reference collection prepared using sections (for example) will be optimal
for a laboratory that uses only whole structures for ageing. There is no easy
solution to this problem, other than for all participating laboratories to agree on
a preferred method of preparation a priori. Although it is possible to prepare
one otolith from each fish of the reference collection using one method, and the
other otolith using an alternative method, this approach confounds preparation
artifacts with interpretational differences, and cannot be recommended for the
consensus ageing of a reference collection (although it is ideal as a test between
preparation methods, and can certainly be used as an age bias test between
laboratories). Since mode of preparation is not an issue for the development of
a reference collection by a single laboratory, it need only be considered where
multiple laboratories are sharing a single reference collection. There is, of
course, no reason why multiple laboratories could not share a single reference
collection if all used the same method of preparation. In the event that different
methods are being used, the shared reference collection would have to be
increased in size so as to include representative structures using all relevant
methods.

To the extent that the ages assigned to the reference collection are accurate,
all quality control monitoring using the collection will assess accuracy as well
as consistency. Thus there is considerable value to insuring that the collection
is aged as accurately as possible. Ideally, the ageing structures used in an age
validation study will become part of the reference collection, since the ages of
those structures are known with some confidence. In practice, known age
structures are not always available. An excellent interim alternative is a
collection which has been aged and annotated by international experts,
perhaps as part of an otolith exchange program. An exchange program
involving expert agers not only provides an initial comparison with
the host age readers, it can provide the core of the reference collection at an
early stage of the ageing program (Campana, 1995; Groger, 1999). Clearly,



AGEING ACCURACY AND QUALITY CONTROL 227

consensus-derived ages, even by experts, are not necessarily accurate. How-
ever, they are more likely to be so than those of an inexperienced ager, making
the exchange of a reference collection an efficient and cost-effective approach
of beginning an ageing program, with the basis for quality control already in
place. The requirement for age validation is not removed however; in fact,
validation becomes even more pressing once routine quality control monitor-
ing is initiated.

The number of ageing structures required of a reference collection is somewhat
arbitrary, but practical guidelines are possible. A minimum number for quality
control monitoring would appear to be about 200, but even then, memorization
of individual otoliths by experienced age readers is possible after several years. A
number closer to 500 is preferable, where possible. If sent out as part of an
exchange, it may be impractical to ask other laboratories to age the entire
collection of 500, in which case a sub-sample of 200 or so could be exchanged.
Structures used for training could make up a subset (n~ 100) of the collection,
carefully selected so as to demonstrate the key features. It is also important to
note that the reference collection need not remain static through time; indeed,
there is some advantage to adding a subsample of ageing structures (those used
for monitoring tests each year) to the collection, thus allowing it to grow through
time.

Permanent storage of otolith reference collections is important, but is not
always possible. Otoliths are chemically stable if stored dry (Campana, 1999),
but preparation for ageing may allow gradual deterioration through time.
Mounted otolith thin sections appear to be durable, although some mounting
media may crack or yellow with age. Charred otoliths may eventually lose
contrast, although they can always be re-burnt (Chilton & Beamish, 1982).
More problematic are whole otoliths stored in glycerine to enhance clearing.
While over-clearing can sometimes be partially reversed, and while damage can
often be delayed by removal of otoliths from the glycerine in between examin-
ations, permanent storage of otoliths in glycerine often leads to irreversible
clearing. For all modes of preparation, frequent handling of reference materials
increases the probability of loss or damage. For these reasons alone, high quality
digital images of each reference structure at an appropriate magnification is
necessary to insure long-term availability of the collection. Many laboratories
ageing large numbers of fish routinely use image analysis systems and digital
images to age their samples (Planes et al., 1991; Estep et al., 1995; Macy, 1995;
Morison et al., 1998b). Therefore, imaging of ageing material is already an
established procedure. In addition to insuring the permanence of the reference
collection, the use of digital images simplifies training and facilitates exchange
among laboratories.

QUALITY CONTROL MONITORING

Quality control (QC) monitoring can be defined as a process of inspection and
measurement used to detect defects and deficiencies in a timely manner during
the production of a product. In the case of age determinations, the product is the
age interpretation, and the defects are ageing errors or inconsistencies in the
manner in which the age is interpreted. Random errors are not usually a
concern, since their extent is usually predictable and correctable using statistical
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techniques (Richards et al., 1992; Groger, 1999). However, systematic or biased
errors are of great concern, since they can lead to serious errors in population
dynamics calculations (Lai & Gunderson, 1987; Rivard & Foy, 1987; Tyler et al.,
1989; Bradford, 1991). The gradual introduction of systematic ageing error over
a period of years is in some ways even more serious, due to its more insidious
nature (Campana, 1995). A quality control program monitors short- and
long-term ageing consistency, both within and among age readers, by insuring
that the age interpretation method does not drift through time. Thus, if the
ageing method is accurate (validated), the monitoring will also assess accuracy.

Quality control programs associated with age determinations are in place in
many laboratories, but have seldom been documented (Morison et al., 1998b).
Based on observation and discussion with many of these laboratories, the
following QC protocol can be recommended:

(1) early development of a reference collection, preferably consisting of
known-age or consensus-aged structures;

(2) periodic ageing of a randomly-drawn, blind-labelled subsample of the
reference collection, intermixed with a subsample of structures recently
aged as part of routine ageing. The combination of reference and recent
samples insures that the age readers do not inadvertently change their
ageing criteria during the QC test;

(3) use of age bias graphs and CV as tools to evaluate the results of the
monitoring (Campana et al, 1995). Although simple to implement
and interpret, this combination of graphics and statistics has proven
effective in testing for both short- and long-term ageing consistency and
precision.

In addition to its effectiveness in avoiding unexpected ageing problems, there
are two cost-saving advantages to a QC program based on reference collections.
The first advantage is that secondary age readers are not required. A secondary
age reader may well be desired for contingency purposes, particularly if the
continued availability of the primary age reader is in question. However, a
secondary age reader is not needed to insure ageing accuracy or consistency, and
may actually lead to an overly-optimistic view of ageing error (Heifetz et al.,
1999). Indeed, if discrepancies between primary and secondary age readers were
to occur, comparisons with a reference collection would still be required to
determine which of the age readers had drifted off course. A second advantage
is that periodic exchanges of ageing structures with other laboratories are not
required, aside from the first exchange used to develop ages for the reference
collection. Once the consensus-derived ages for the reference collection are in
place, there are no advantages to further exchanges, thus saving the time
involved in implementing the exchanges.

When evaluating a QC monitoring test result for bias compared to the
accepted reference ages, there are a variety of statistical tests and graphical
measures available. Tests of symmetry (Hoenig ef al, 1995), ageing error
matrices (Heifetz et al., 1999), and a range of matched pair tests (Kimura &
Lyons, 1991; Campana et al., 1995) have all proven effective in detecting bias.
The advantage of these tests is that they can be automated, warning the data
manager of test results only if some threshold significance level has been reached.
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Graphical measures cannot match the statistical rigour of the above tests, but
can provide a more flexible and easily interpreted means of detecting and
quantifying bias. Campana ef al. (1995) noted that the age bias graph appears to
be the best graphical measure of bias, since it provides an age by age measure of
deviation away from an accepted, or reference, value. Therefore, it can clearly
show under-ageing or over-ageing, even if the ageing error is restricted to the
youngest or oldest fish. While a variety of statistical tests continue to be used, a
review of the recent literature indicates that the age bias graph has become the
most widely used measure of ageing bias.

Quality control monitoring based on a reference collection provides a level of
error detection which cannot be matched by simple re-ageing of the previous
years samples. To illustrate this point, the results of QC monitoring of Nova
Scotian haddock just before the detection of serious ageing errors (Campana,
1995) is shown in Fig. 7. Based only on re-ageing of samples from the previous
year, neither age bias graphs, statistical tests nor any measure of precision was
capable of detecting the gradual, multi-year drift in age interpretation. Precision
remained high, and there was no evidence of inconsistency between the age
interpretations of the two years. However, when the same age reader aged the
‘known age ’ reference collection, the ageing bias (which had developed over a
period of seven years) became clearly evident (Fig. 7). Re-ageing of samples
from the previous quarter or year is a common QC practice in many labora-
tories. However, this practice is essentially the same as measuring precision. The
results shown here indicate that the practice of re-ageing a recent sample can be
grossly inadequate for detecting a gradual shift in interpretation criteria (or
accuracy), whether or not it is carried out by a second age reader. Use of a
reference collection provides the stable reference point required for age com-
parisons, even in instances where multiple age readers gradually shift their ageing
criteria in tandem. In instances where the reference collection is of known age,
the test for consistency is also the test for accuracy.

There is little documentation available concerning the logistics of QC moni-
toring. Testing against a random subsample of a reference collection appears to
be relatively common, as is the practice of including a subsample from the
production ageing of the current or most recent year in order to insure that the
reference collection is aged using the same criteria as was the production sample
(Campana, 1997; Heifetz et al., 1999). If the reference and recent samples are
randomly intermixed by a supervisor, preferably through use of digital images, it
becomes very difficult for an age reader to consciously or unconsciously change
his/her interpretation criteria for the QC test. An age bias graph comparing test
versus reference ages for the reference structures would confirm long-term ageing
consistency, while a separate age bias graph comparing test versus original ages
for the production subsample would insure consistency between the most recent
production run and the QC test. If both tests indicate lack of bias, the same
ageing criteria must have been used for both reference and production samples.
An additional advantage of this procedure is that the re-aged production sample
will then have been aged twice, and can then be added to the reference collection
for use in later years. Sample sizes of 100 from the reference collection plus 100
from a recent production run is sufficient to insure reasonable statistical power
for the QC test.
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F1G. 7. Age bias graphs for haddock otoliths being aged in support of a stock assessment, just prior to the
discovery that the ageing method was seriously underageing older fish. Extent of deviation of 95%
confidence interval bars from 1: 1 ( ) line indicates extent of ageing bias. (a) Routine quality
control test in which otoliths were re-aged 1 year later. No appreciable ageing bias is evident.
Although this type of test is common in many laboratories, it was incapable of detecting the ageing
problem, which developed over the course of 7 years; (b) Quality control test in which the same
haddock ager read a reference collection aged by international experts. The large deviation from
the 1:1 line indicates that haddock>age 5 were increasingly underaged by Ager 1, resulting in
underageing by as much as 60% at age 12. (a) CV=3:4%; (b) CV=32:4%.

There is little advantage to carrying out more than one QC test per production
run, since age readers are unlikely to change their ageing criteria in the middle of
an ageing session. After a substantial interlude of non-ageing, or of ageing a
different species, many experienced age readers re-orient themselves with the
ageing of a species by re-reading a subsample of the previous year’s production
ageing. This is often done informally, and is not assessed as part of QC
monitoring. QC monitoring is best done during or immediately after completion
of production ageing. In instances where ageing is continuous, monitoring at a
frequency of once per year is likely to be sufficient.
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Identification of an ‘ ageing problem > from QC monitoring can be based on
one or more threshold standards, but errors as large as those evident in Fig. 7
should never occur when proper quality control is in place. A change in
precision will seldom be a reliable indicator of ageing error, particularly among
experienced age readers (see Precision section). The age bias graph appears to be
the most sensitive indicator of ageing bias, since it can be interpreted in terms of
the type and magnitude of the bias, not just the presence/absence indicated by
statistical tests. This is important, since not all bias warrants corrective action.
For example, in the upper panel of Fig. 7, the 1992 set of age readings for ages
2-6 1s higher than those for the same otoliths read in 1991; for some of the ages,
the bias is statistically significant (e.g. the 95% confidence intervals do not cross
the 1:1line). Yet the magnitude of the bias, as indicated by the vertical interval
between the 1:1 line and the data point, is relatively small (<: year). The
biological significance of such a small discrepancy is minimal. Similarly, if the
mean for age 4 in the upper panel of Fig. 7 had happened to be 1 year above the
1:1 line, it is unlikely that any action would need to be taken; with no
substantial bias evident for ages above or below age 4, the implications of a
discrepancy at a single age are likely to be negligible. At what point does bias
become important? A 1 year offset across a series of ages is certainly significant,
since it indicates that one ager has counted an extra annulus, starting at the age
at which the offset originated. A divergent trend between the data points and the
1:1 line, as shown in the lower panel of Fig. 7, is also troublesome, since it
indicates that the two age readers are using different criteria to identify annuli.
In the case of the lower panel of Fig. 7 for example, Ager 1 may have assumed
that annulus width was constant and disregarded all narrower increments,
whereas the international experts interpreted the progressively narrowing incre-
ments as annuli. In all cases however, an overlap of any individual error bar
over the 1 : 1 line is an indication of the variance at that age, but is not a good
criterion of the importance of any bias; for example, a 1 year offset seen at all
ages would still indicate significant bias even if the error bars overlapped the 1 : 1
line at all ages.

If quality control monitoring identifies an ageing problem, the corrective
action required will largely depend on the experience of the age reader and the
number of structures which are being aged. In a production ageing environment,
the following steps are often taken:

(1) the ager re-reads the annotated training set to calibrate his/her interpret-
ation against correctly identified growth increments;

(2) conducts a blind test against a subsample of the reference collection, using
an age bias graph to determine if the ageing bias is still present; if bias
remains, returns to annotated training set for further training;

(3) if bias is absent, re-ages all ageing structures from the point when the bias
first appeared; in many cases, this point will not be known, requiring
re-ageing from the time of the last QC test.

QUANTIFICATION AND CORRECTION OF AGEING ERROR

Ageing errors can be either random or biased, reflecting some combination of
process and interpretation error. Although bias can be avoided through
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validation studies and quality control, random error is virtually inevitable.
Both forms of ageing error propagate through estimates of age at maturity,
lifespan, population size and other vital rates, and due to their nonlinear
relationships, can lead to biased results even when the underlying ageing error is
random (Lai & Gunderson, 1987; Tyler et al., 1989; Bradford, 1991). If the
extent of the error can be quantified however, it can be corrected using statistical
means.

Ageing error can be quantified using a variety of statistical models (Richards
et al., 1992; Heifetz et al., 1999). Imprecision (random error) can be estimated
on the basis of replicate readings of a given set of samples. However, all forms
of ageing error can be quantified if the replicate age readings are from a
known-age reference collection (Groger, 1999; Heifetz et al., 1999). In both
cases, the product is an ageing error matrix, which can subsequently be used to
statistically remove the ageing error from a set of age frequencies (Richards
et al., 1992).

Correction for ageing error is relatively straight forward when an unbiased
ageing method has been used. The process is analogous to that of digital
sharpening of an image. Figure 8 presents an example of a typical age
frequency sample, aged with a commonly-observed Ilevel of precision
(CV=7-6%). Statistical error correction removes the smoothing across age
groups, thus amplifying most differences in age frequencies. The effect is most
pronounced in older age groups, since ageing error at a given CV will spread an
actual age across more age groups at an older age than at a younger age. It is for
this reason that an age-structured population analysis will underestimate strong
year-classes, and overestimate weak year-classes, in the absence of statistical
correction of the catch at age data.

In principle, error correction of biased ageing data is possible (Groger, 1999;
Heifetz et al, 1999). In practice, the reliability of the correction becomes
increasingly questionable as the amount of bias increases. For example, the
ageing bias evident in the lower panel of Fig. 7 indicates that the interpretations
of the age reader have become virtually asymptotic after age 8. As a result,
statistical correction of an independent set of aged samples would be almost
impossible if the relative frequencies of each age group were different from that
of the reference collection.

Age determinations, particularly the large-scale programs in support of stock
assessments, are produced at a significant cost (Campana & Thorrold, 2001).
While precision can always be improved through the ageing of larger sample
sizes, the added costs must be balanced against the inevitable errors that will be
introduced at other stages of the assessment process (e.g. accuracy of the catch
values, randomness of the sampling, etc). Based on the analyses and reviews
presented earlier, substantial cost savings are possible through implementation
of proper quality control protocols, not the least of which is use of reference
collections rather than secondary age readers. Use of statistical error correction
for imprecision can reduce the number of ageing structures that need to be read.
However, 1 would argue that the resulting cost savings should initially be
reinvested into age validation in support of the reference collection. Such a
one-time investment is very cost-effective given that it insures the long-term
accuracy of the age data that is collected.
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FiG. 8. Age composition of a hypothetical sample of fish before and after statistical removal of random
ageing error. (a) Observed age composition after ageing with a CV of 7-6%, which is the median
ageing error reported in all published ageing studies. (b) Actual age composition determined after
statistical removal of random ageing error. Note the improved definition of the differences among
age groups, removing the smoothing effect introduced by the ageing error. In particular, strongly
represented age groups are made stronger, and poorly represented age groups are made weaker,
especially in the older age groups.
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